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Abstract
Multilayered films are a new kind of coating that belong to a more plentiful family of materials labelled as nanostructured
materials. These kinds of coatings stand in the frontier of investigation in thin films for structural applications. In the present
Ž .work, multilayered coatings with alternated layers of W]Ti] N and Ag were deposited to be used as wear resistant surfaces. The
Ž . wassociation of the high hardness, wear resistance of W]Ti] N layers Proceedings of the Eleventh LAWPSP Symposium,
Ž . Ž . xSL1.1-SL1.7, Bombay, India 1998 ; Surf. Coat. Technol., 102 1998 , 50 and the good ductility of the silver ones is the guarantee
of obtaining a better mechanical performant coating. However, to reach a satisfactory comprehension of the behaviour of the
coatings in service a true understanding of some important properties is needed. For this reason, hardness, Young modulus,
internal stresses and adhesion were evaluated, as well as function of the number and thickness of the layers. Q 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction
Increasing the lifetime of a component by the depo-
sition of a hard coating has always been one of the
main goals of surface engineering. Towards this, dif-
ferent tungsten-based coatings have been deposited in
order to improve the mechanical and corrosion proper-
ties of mechanical components.
Previous studies in W]N sputtered coatings have
shown that the solubility of nitrogen in tungsten can
attain approximately 17 at.%, for higher nitrogen con-
Ž .tent a tungsten nitride W N structure was deposited2
w x1,2 . In order to improve the properties of W]N,
Ž .pseudo-binary coatings like W]Ti ]N were researched
w x3 .
However, the enhancement of the deposition tech-
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niques associated to materials and surface engineering
knowledge has given rise to the envisaging of a new
kind of ‘non-homogeneous’ coatings: multilayered coat-
ings. The reason for such an effort can be seen in the
unusual and often singular properties of these kinds of
coatings. In fact, coatings composed of periodically
alternated layers of different materials present me-
chanical properties that are not just the combination of
those presented by individual layers. Up to now, major
research has been concerned with the improvement
properties using the nanostructured multilayers; con-
Žsidering these coatings as homogeneous materials very
.short period . Few works have dealt with submicron
scale coating, which cannot theoretically be considered
as being homogeneous coatings. However, these coat-
ings could contribute to increasing wear performance
relative to ordinary monolayer coatings.
The present paper is an attempt to try to evaluate
the mechanical properties, such as hardness, Young’s
modulus, by a depth-sensing test, concerning the influ-
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ence of nitrogen in multilayered coatings with 5.5 mm
Ž .thickness, constituted of a pseudo-binary W]Ti ]N
hard layers with a low ductile silver layer in between.
Finally, the influence of the ductile layers on residual
stresses and adhesion of the coatings were also de-
termined as a function of the thickness and the number
of layers.
2. Experimental procedure
Ž .W]Ti] N rAg multilayered coatings were deposited
using a d.c. reactive magnetron sputtering equipment
computer controlled, from alternating W]Ti and Ag
targets. The detailed experimental conditions are: ulti-
mate vacuum pressure 10y4 Pa, etching pressure 0.15
Pa, deposition pressure 0.3 Pa, substrate bias y70 V,
substrate rotation 23 rev.rmin, silver and W]Ti target
power density of 1.5=10y2 and 1.1=10y1 Wrmm2
and the interelectrode distance of 65 and 90 mm,
Ž .respectively. The film were deposited on M2 AISI
substrates quenched and tempered to 9.2 GPa of hard-
ness. Immediately before deposition and after polish-
Ž .ing, to an average roughness R of 50 nm, the sub-a
strates were ion cleaned. After previous studies of the
deposition rate of each target material, the sputtering
conditions were controlled to obtain coatings with 5.5
Ž .mm of total thickness. The ductile layer Ag presented
80 nm thickness and the total number of layers of each
coating were 3, 17 and 33. As-deposited film structures
Ž .were detected by X-ray diffraction using Co K radia-a
tion, in u]2u Bragg-Brentano mode. The global chemi-
cal composition of the coatings was evaluated by elec-
Ž .tron probe microanalysis model Camebax SX50 . The
morphologies of the coatings were characterised by
Ž .conventional scanning electron microscopy SEM us-
ing a cross-section technique. The residual stresses of
the coatings were measured by a beam bending deflec-
tion technique based on the Stoney expression, using
carbon steel plates 0.50 mm thick substrates. The hard-
ness and Young modulus of the coatings were mea-
sured using micro-indentation hardness equipment
Ž .Fischerscope H100 . Loads of 50, 100, 200, 300, 500
and 1000 mN were applied and the load vs. indentation
depth was continuously monitored. Due to the material
heterogeneity of multilayered coatings, the hardness
Ž .value and Young’s modulus expression 1 as a function
of the number of layers is expressed for the same
Ž . w xcorrected indentation depth h 4 .pc
p2Ž .1yn ?'24.5 Ž .Es 12dh Ž .1yn ppc i2 ?h ? yC y ?'pc 0ž /d p E 24.5i
Where dh rd p is the compliance, C is the compli-pc 0
ance associated to the equipment, E and n are Young’si i
modulus and Poisson’s ratio of the indentor, respec-
tively, and n the Poisson’s ratio of the coating.
The adhesion of the coatings were evaluated by
Ž .scratch-test CSEM-Revetest using a progressive nor-
mal load ranged from 0 to 80 N with a loadrdisplace-
w xment ratio of 10 Nrmm 5 . The adhesive failures were
observed by optical microscopy with a magnification of
100= .
3. Results and discussion
Among the films produced, two different as-de-
posited structures were detected as a function of nitro-
genrargon ratios. For low values of N rAr the coatings2
Ž .class I were identified as having a b.c.c. structure,
which is equal to pure W or W with nitrogen in
w xinterstitial solid solution 1 . When nitrogen has at-
Ž . Ž .tained high values class II TiW N can be de-1yx
tected. This suggests that the W and Ti have mutual
Ž .solubility. TiN and WTi N are f.c.c. isomorphic2
phases, but comparing the d-values of the films ob-
Ž .tained with ICDD 38-1420 TiN d-values, the adjust-
Ž .ment is better than ICDD 25-1257 W N .2
The chemical composition of these two classes of
coatings is summarised in Table 1. In spite of the target
Ž .composition W Ti , the films of class I are richer in50 50
tungsten than titanium. This behaviour confirms what
was observed in films deposited by sputtering of multi-
component targets, constituted by elements of different
w xatomic weights 6]8 . The coatings are enriched with
higher atomic weight elements in disfavour of lighter
ones. Due to the reactivity of titanium to nitrogen, the
Table 1
Chemical composition and adhesion of the coating
Ž .% at. Low nitrogen content } Class I High nitrogen content } Class II
Layers W Ti N Lc W Ti N Lc2 2
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .% at. % at. % at. N % at. % at. % at. N
Ž .Monolayer W]Ti]N 58.0 35.5 6.6 46 33.9 28.9 37.1 36
3 layers 53.5 34.8 11.6 36 33.4 27.8 38.8 54
17 layers 53.9 34.8 11.3 18 33.2 28.0 38.8 71
33 layers 51.1 35.0 13.9 19 ] ] ] ]
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Fig. 1. Morphology of W]Ti]N monolayered coatings; left-low nitrogen content; right-high nitrogen content.
presence of high quantities of this element in W]Ti-
Ž .based films class II leads to a decrease in tungstenr
w xtitanium rate 9 .
Ž .The presence of interlayers Ag contributes to an
abnormal increase of nitrogen content in the hard
layers with the increase of number of layers in multi-
layered coatings. In fact, usually due to the target
poisoning with nitrogen the initial material deposited
on substrate has abnormal nitrogen content, but the
overall chemical composition of the ensemble is not
significantly affected. As the thickness of W]Ti]N
layers decreases, that means the number of Ag layers
increases, the nitrogen content in each layer of
W]Ti]N approaches to the initial material so much
that the thickness of the ceramic layer decreases.
The analysis of the silver thin film chemical composi-
tion obtained in a nitrogen atmosphere, similar to
those used in the deposition of multilayered coatings,
shows a very low quantity of nitrogen, probably adsor-
bed.
ŽAs monolayers, the Ag and the W]Ti]N films see
.Fig. 1 presented compact morphologies. Due to the
similar atomic weights of W and Ag it was difficult to
find enough contrast in the multilayers to resolve dif-
ferent layers in the SEM by backscattering. In order to
enhance the localisation, number, period and uni-
formity of the deposited multilayered coatings, Ti was
used as a nanoscale layer in spite of Ag. Fig. 2 reveals a
continuous and uniform nanoscale layer and these lay-
Ž .ers interlayer seem to hold the morphology of hard
Fig. 2. Morphology of multilayered coating W]Ti]NrTi.
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Fig. 3. Coating hardness and Young’s modulus as a function of number of layers } Class I.
materials layer. The variation of the nitrogen content
in the hard layer does not produce any change in the
morphology.
The results of ultra-microhardness measurements on
as-deposited coatings are expressed in Figs. 3 and 4.
Those figures present the evolution of the hardness and
Young’s modulus as a function of the correct indenta-
Ž .tion depth h , for coatings with number of layers. Inpc
both cases, the curves present three different zones:
zone I, shows scattering of hardness values due to the
Ž .low applied load 50 mN ; zone II, where the hardness
values are independent of the depth and zone III,
where the hardness decreases due to the influence of
the substrate. The same evolution was verified in the
Young modulus. The presence of titanium in a hard
Ž .class I monolayer allows for hardness values 29 GPa
lower than those obtained in the W]N system with a
Ž . w xsimilar quantity of interstitial nitrogen 35 GPa 1 .
Nevertheless, in class II the presence of titanium seems
to decrease the hardness values, 41 GPa against F32
w x ŽGPa 1,10 . The hardness values disposable in the
literature for this coating are obtained using classical
microhardness equipment and should perhaps integrate
.the substrate effect. The as-deposited silver shows a
hardness of 2 GPa, double the value of hard bulk silver,
and characteristic of sputter-coated films.
For both classes of hard layers the multilayer hard-
ness is not strongly dependent on the number of layers.
When the hard layer is of class I, the presence of
ductile layers seems to contribute to a light increase in
Ž .hardness 13% . This behaviour must be attributed to
the incorporation of nitrogen during the deposition of
Ž .W]Ti ]N layers, as is demonstrated in films with 3
and 17 layers of the same nitrogen content, where
Ž .hardness values are similar Fig. 3 . But for class II the
effect is the opposite, a decrease of 12% in 17 layers
can be observed.
The residual stress, at room temperature, in the
monolayered W]Ti]N coating is highly compressive
Ž .s sy7.75 GPa , but the presence of a very thin Agint
Fig. 4. Coating hardness and Young’s modulus as a function of number of layers } Class II.
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layer of 80 nm reduces drastically the internal stresses
Ž .of the multilayered class II coatings s sy4.16 GPa .int
However, there is no decrease in the internal stresses
Žwith the increase of the number of ductile layers 17
.layered coatings presents s sy4.44 GPa .int
The scratch test is one of the most used techniques
to evaluate the adhesion of the coatings to substrate or
between layers in multilayered coatings. This character-
istic is mainly important when the component is under-
Žloaded. In Table 1 the L values adhesive criticalc2
.load of the coatings are summarised.
In class I, the L values of the multilayered coatingsc2
decrease significantly compared with the values of the
monolayer coating, as referred, perhaps due to increase
of nitrogen content with the increase of the number of
silver layers.
The class II multilayered coatings shows spalling to
L values as high as the number of layers presented inc2
Žthe coatings L value can surpass 70 N for coatingsc2
.with 17 layers . The adhesion collapse of the coating is
always in the interface coatingrsubstrate and the coat-
ing with 33 layers showed no adhesion at all.
4. Conclusions
Although the presence of a ductile layer of silver in
multilayered coatings W]Ti]NrAg with low nitrogen
content worsen the coating’s performance, the intro-
duction of ductile layers in the ceramic W]Ti]N coat-
ing do not affect the hardness but lead to an important
increase of adhesion of the film to the substrate. In
fact, multilayered coatings with eight layers of silver
Ž .with 80 nm of thickness each 17 layers in total pre-
sented a L value double that of the W]Ti]Nc2
monolayered coating.
Finally, a single 80 nm thick silver layer is enough to
promote a substantial decrease of the state of compres-
sive stress of the multilayered coatings.
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